Effect of Inlet Guide Vanes on the Performance of Small Axial Flow Fan 
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Effects of the inlet guide vanes on the static characteristics, aerodynamic noise and internal flow characteristics of 


a small axial flow fan are studied in this work. The inlet guide vanes with different outlet angle are designed, 


which are mounted on the casing and located at the upstream of the impeller of the prototype fan. Both steady and 


unsteady flow simulations are performed. The steady flow is simulated by the calculations of Navier-Stokes equa- 


tions coupled with RNG k-epsilon turbulence model, while the unsteady flow is computed with large eddy simu- 


lation. According to the theoretical analysis, the inlet guide vanes with outlet angle of 60° are regarded as the op- 


timal inlet guide vanes. The static characteristic experiment is carried out in a standard test rig and the aerody- 


namic noise is tested in a semi-anechoic room. Then, performances of the fan with optimal inlet guide vanes are 


compared with those of the prototype fan. The results show that there is reasonable agreement between the simu- 


lation results and the experimental data. It is found that the static characteristics of small axial flow fan is im- 


proved obviously after installing the optimal inlet guide vanes. Meanwhile, the optimal inlet guide vanes have ef- 


fect on reducing noise at the near field, but have little effect on the noise at the far field. 
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Introduction 


Small axial flow fan is a main cooling device of elec- 
tronic products at present. Its performance determines the 
operation status and service life of the electronic products 
directly. With the development of the electronic products 
toward integration and high power, the requirement of 
cooling is increasing and the performance of small axial 
flow fan attracts more and more attentions [1-2]. There- 
fore, it is very necessary to optimize the small axial flow 
fan and analyze its static characteristics, aerodynamic 
noise and internal flow characteristics. 

The axial flow fan with inlet guide vanes is widely 
used for its high flow rate and high efficiency. The air 
can generate a rotational velocity in advance before en- 


tering the impeller, whose direction is contrary to the 
rotational direction of the impeller and this rotational 
velocity can be offset by the rotational velocity induced 
by the impeller. So, the airflow in the outlet of the fan 
forms a single axial flow. According to the sketches of 
gas dynamics of the fan, Wu [3] pointed out that the 
number of inlet guide vanes and the number of impeller 
blades were prime to one another in most cases. The axial 
distance between the trailing edge of inlet guide vanes 
and the leading edge of impeller blades shall not be less 
than 0.25 times of the chord length of inlet guide vanes at 
the hub. Besides, the axial distance should be taken as the 
minimal value from the view of the structure size. While 
from the view of the aerodynamic noise, increasing of the 
axial distance would bring more benefits. The perfor- 


mance of the fan would not be affected once the axial 
distance exceeded 0.5 times of the chord length. Wallis [4] 
thought that the choice of the guide vanes number not 
only need to consider the aerodynamic performance and 
noise characteristics, but also should take into account 
the strength of the vanes and the axial structure size of 
the fan. The product of the guide vanes number and op- 
erating speed of the impeller should not equal to the nat- 
ural frequency of the impeller. Sakharov et al. [5] be- 
lieved that the strong wake caused by the upstream guide 
vanes would hinder the secondary leakage flow at the tip 
of the downstream impeller blade at the high load condi- 
tion. Thus, the secondary leakage loss and the congestion 
at the tip of impeller blade were reduced, and the perfor- 
mance of the fan was improved. The flow at the tip 
clearance became more complicated due to the interfe- 
rence between the guide vanes and impeller blades. Jesus 
[6] focused on the deterministic fluctuations that occur in 
the axial gap between the blade rows. This periodic fluc- 
tuation was superimposed on the steady vane-to-vane 
velocity distribution, resulting in a nonuniform unsteadi- 
ness with additional phase-dependent wake-blockage 
interaction. 

In this work, the inlet guide vanes are applied on a 
small axial flow fan. The inlet guide vanes with different 
outlet angle are designed, which are connected with the 
casing and set up on the upstream of the impeller of the 
prototype fan. The optimal inlet guide vanes are selected 
according to the theoretical analysis through the calcula- 
tion of the flow field. The performances of the fan with 
optimal inlet guide vanes are compared with those of the 
prototype fan with the help of the simulation and the ex- 
periment. The research results are benefit for parameter 
optimization and noise prediction of small axial flow fan 
with inlet guide vanes. 


Research method 


Design of inlet guide vanes 


A small axial flow fan as shown in Fig. 1 is regarded 
as the prototype fan, whose main parameters are listed in 
Table 1. In order to reduce the axial length of the casing 
and simplify the model, four arc plate inlet guide vanes 
with different outlet angle are designed and set up on the 
upstream of the impeller of the prototype fan. The geo- 
metric model of the fan with inlet guide vanes is shown 
in Fig. 2 and its main parameters are listed in Table 2. 
The outlet angles of inlet guide vanes are set to 30°, 45°, 
60° and 75°, respectively. The width of the casing of four 
fans with inlet guide vanes is equal, so, they can be 
compared with each other. 
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Fig. 1 Prototype fan. 


Table 1 Main parameters of the prototype fan 


Main parameters Value 
External diameter (mm) 85 
Hub ratio 0.72 
Stagger angle (°) 27.7 
Blade number 5 
Blade chord length (mm) 28 
Tip clearance (mm) 2 
Rated condition (kg/s) 0.01 
Rated rotational speed (r/min) 3000 


g 


Fig. 2 Geometric model of the fan with inlet guide vanes. 


Table2 Main parameters of the fan with inlet guide vanes 


Main parameters Value 

Blade height (mm) 14 

Vane number 6 

Inlet angle (°) 0 

Outlet angle a (°) 30, 45, 60, 75 
Axial distance between stator and ro- 12 


tor (mm) 


Simulation for static characteristics 


The steady flow was simulated by the calculations of 
Reynolds averaged Navier-Stokes equations coupled with 
RNG k-epsilon turbulence model. The standard wall 
function was used to deal with the regions near the wall. 
The SIMPLE algorithm was adopted to couple pressure 
and velocity. The second order upwind difference scheme 
was selected to discrete the governing equations. The 
computational domain of the prototype fan and the fan 


with inlet guide vanes are shown in Figs. 3(a) and 3(b), 
respectively. In order to make these two kinds of fans 
compare with each other, the computational domains are 
both divided into the inlet region, the outlet region, the 
rotating fluid region and the casing region. The inlet re- 
gion is a hemisphere with radius R} =85 mm. The outlet 
region is a cylinder with radius R, =170 mm and extends 
to 500 mm to ensure that the fluid through the fan has 
been fully developed. The mass flow rate at the inlet was 
controlled and the pressure at the outlet was set to at- 
mospheric pressure. 
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Fig. 3 Computational domain of fans. 


Simulation for aerodynamic noise 


The large eddy simulation (LES) and Ffowcs Wil- 
liams-Hawkings (FW-H) noise model were adopted for 
unsteady simulation and aerodynamic noise prediction. 
The solution obtained by the steady simulation at the 
rated condition (Q=0.01 kg/s) was regarded as the initial 
condition of large eddy simulation. The finite volume 
method was used to disperse the filtered Navier-Stokes 
equations. The PISO algorithm was applied for coupling 
pressure and velocity. The second order central difference 
scheme was selected to couple the momentum equation. 
In order to solve the interaction of interfaces, the dynam- 
ic grid method was used in the interfaces between the 
rotating fluid region and the casing region. 


In order to analyze the aerodynamic noise characteris- 
tics at different locations after introducing the noise 
model, the coordinate system was established with the 
center of the impeller as the origin. A near field monitor- 
ing point M1 (0, 0, 10.5) and a far field monitoring point 
M2 (0, 0, 1009.5) were set at the positions of 1 mm and 1 
m away from the impeller on the positive rotational axis, 
respectively. 


Selection of optimal inlet guide vanes 


According to the simulation results, the optimal inlet 
guide vanes are selected among four inlet guide vanes 
with different outlet angle in this section, which have the 
best static characteristics and the best noise reduction 
effect. 

Fig. 4 shows the variation of static pressure with a. It 
can be seen that the static pressure of the fan with inlet 
guide vanes first increases and then decreases with the 
increasing of a at the rated condition. Besides, all of the 
static pressure of the fans with inlet guide vanes is higher 
than that of the prototype fan as shown in the dotted line 
in the figure. The static pressure of the fans with inlet 
guide vanes with a=45° and a=60° is the largest, whose 
maximal values are both close to 13.5 Pa, it is 2.8 Pa 
higher than that of the prototype fan. 
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Fig. 4 Variation of static pressure with a. 


Fig. 5 shows the variation of efficiency with a. It can 
be observed from the figure that the efficiency of the fan 
with inlet guide vanes first increases and then decreases 
with the increasing of a at the rated condition. When 
a=30°, the efficiency of the fan with inlet guide vanes is 
lower than that of the prototype fan. When o=75°, the 
efficiency of the fan with inlet guide vanes is equal to 
that of the prototype fan. For the fans with inlet guide 
vanes with a=45° and a=60°, the efficiency increases that 


of the prototype fan by 2.9% and 1.5%, respectively. 
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Fig.5 Variation of efficiency with a. 


Fig. 6 shows the variation of the overall sound pres- 
sure level (SPL) at both monitoring points with a. For the 
monitoring point M1, the overall SPL of four fans with 
inlet guide vanes is all lower than that of the prototype 
fan at the rated condition, which illustrates that the inlet 
guide vanes are help for reducing effect on the noise at 
the near field. When o=60°, the overall SPL of the fan is 
the lowest, which is lower than that of the prototype fan 
by 3.4 dB. When a=45°, the overall SPL of the fan is the 


second lowest, which is lower than that of the prototype 
fan by 2.3 dB. For the monitoring point M2, at the rated 
condition, the overall SPL of four fans with inlet guide 
vanes do not change significantly, which means that the 


inlet guide vanes have little effect on the noise at the far 
field. 
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Fig. 6 Variation of overall SPL with a at both monitoring 
points. 


Taking into account the static pressure, the efficiency, 
the overall SPL at the monitoring points M1 and M2 of 
these fans reasonably, the inlet guide vanes with a=60° 
are regarded as the optimal inlet guide vanes. 


Comparison of simulation results 


Static characteristics 


Fig. 7 shows the comparison of static characteristic 
curves between the fan with optimal inlet guide vanes 
and the prototype fan, including static pressure (P-Q) 
curve in Fig. 7(a) and efficiency (n-Q) curve in Fig. 7(b). 
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Fig. 7 Static characteristic curves. 


From Fig. 7(a), we can see that the static pressure of 
the fan with optimal inlet guide vanes is larger than that 


of the prototype fan at all conditions. For the prototype 
fan, the static pressure decreases rapidly with the in- 


creasing of the flow rate when Q<0.005 kg/s and reaches 
minimal value 7 Pa when Q=0.005 kg/s. The static pres- 
sure increases slowly with the increasing of the flow rate 
when 0.005 kg/s<Q<0.011 kg/s and reaches maximal 
value 10.6 Pa when Q=0.011 kg/s. When Q>0.011 kg/s, 
the static pressure decreases with the increasing of the 
flow rate. The decrease rate becomes faster when 
Q>0.012 kg/s. 

From Fig. 7(b) we can observe that the efficiency of 
the fan with optimal inlet guide vanes is larger than that 
of prototype fan at all conditions. The efficiency of both 
fans shows a growth trend with the increasing of the flow 
rate when Q<0.012 kg/s and reaches maximal value 
when Q=0.012 kg/s. The maximal efficiency of the pro- 
totype fan exceeds 22%, while the maximal efficiency of 
the fan with optimal inlet guide vanes is close to 27%. 
When Q>0.012 kg/s, the efficiency of both fans decreas- 
es rapidly with the increasing of the flow rate. 

Fig. 8 shows the variation of the torque with the flow 
rate. It can be seen from the figure that the torque of the 
fan with optimal inlet guide vanes is larger than that of 
the prototype fan at all conditions. According to the for- 
mula of the efficiency, the larger the torque is, the smaller 
the efficiency of the fan is in the case that the static pres- 
sure is constant. Compared with the prototype fan, the 
torque of the fan with optimal inlet guide vanes is larger 
while the efficiency of the fan with optimal inlet guide 
vanes is larger. It is indicated that the static pressure has a 
greater impact on the efficiency than the torque. 
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Fig.8 Variation of torque with flow rate. 


In summary, the static characteristics of the fan are 
improved significantly after installing the optimal inlet 
guide vanes. Thus the work capacity is improved and the 
power consumption is reduced. 


Aerodynamic noise 


Fig. 9 shows the variation of the overall SPL with the 
rotational time at both monitoring points (T is the rota- 
tional period of the fan). It can be seen that the overall 
SPL of both fans at the monitoring point M1 decreases 
with the increasing of time when T<ST and remains con- 
stant when T>S5T, which means the internal flow reaches 
a relatively stable state when T>5T. At the monitoring 
point M1, the overall SPL of the fan with optimal inlet 
guide vanes is lower than that of the prototype fan and 
the gap is about 4.2 dB. Compared with the prototype fan 
at the monitoring point M2, the overall SPL of the fan 
with optimal inlet guide vanes is lower when t<5T while 
higher when T>5T. However, the gap of the overall SPL 
between both fans at the monitoring point M2 is very 
small. 
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Fig. 9 Variation of overall SPL with rotational time at both 
monitoring points. 


Fig. 10 shows the overall SPL in different axial posi- 
tions. The same variation trends of the overall SPL of 
both fans along the axial direction are shown in the Fig- 
ure. When 10.5 mm<z<200 mm, the overall SPL of the 
fan with optimal inlet guide vanes along the axial direc- 
tion is lower than that of the prototype fan, and the over- 
all SPL of both fans decreases rapidly with the increasing 
of z. The reducing noise at these positions is mainly dis- 
crete noise. When z>200 mm, the overall SPL of the fan 
with optimal inlet guide vanes is higher than that of the 
prototype fan, but the gap is not more than 0.4 dB. Al- 
though the overall SPL of both fans along the axial direc- 
tion still decreases with the increasing of z, the down- 
trend rate decreases significantly. The reducing noise at 
these positions is mainly broadband noise. 
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Fig. 10 Overall SPL along the axial direction in the down- 
stream of fans. 


Fig. 11 shows the overall SPL along the radial direc- 
tion on the section z=10.5 mm. It can be seen from the 
figure that the overall SPL of the fan with optimal inlet 
guide vanes is lower than that of the prototype fan in 
each of the radial positions. The same variation trends of 
the overall SPL of both fans along the radial direction are 
shown in the figure. With the decreasing of r, the overall 
SPL of both fans increases to the maximum value, then 
decreases to the relatively stable value. The maximal 
overall SPL of the fan with optimal inlet guide vanes is 
lower than that of the prototype fan but the radial posi- 
tions are both located in the 1/3 of the blade height. 


Wen Se ee a 
—+s— Prototype fan 


A Fan with optimal inlet guide vanes 


40 


Position of blade root 
O Era Ia a a a PEE 


20 


Radial position (mm) 


10 


85 90 95 T00 
Overall sound pressure level (dB) 


Fig. 11 Overall SPL along the radial direction on the section 
z=10.5 mm. 


Fig.12 shows the power spectral density (PSD) at the 
monitoring point M1. It can be observed that the maxim- 
al PSD of the prototype fan appeared at 200Hz whose 
value is 0.11 W/Hz. While the peak of PSD of the fan 


with optimal inlet guide vanes decreases to 0.05 W/Hz. 
When the frequency exceeds 1000 Hz, the PSD of both 
fans is close to zero. 
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Fig. 12 PSD at the monitoring point M1. 


Fig. 13 shows the A-weighted SPL of 1/3 octave band 


at the monitoring point M2. From the figure we can see 
that the A-weighted SPL of the fan with optimal inlet 
guide vanes is lower than that of the prototype fan in 
0~3000 Hz frequency band and the maximal noise reduc- 
tion is more than 5 dBA. However, the A-weighted SPL 
of the fan with optimal inlet guide vanes is higher than 
that of the prototype fan in 3000~20000 Hz frequency 
band except 5500~7000 Hz frequency band and the big- 
gest gap is appeared in 11000~14000 Hz frequency band. 
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Fig. 13 A-weighted SPL of 1/3 octave band at the monitoring 


point M2. 


Internal flow characteristics 


Fig. 14 shows the static pressure contour on the meri- 


dian plane (X=0). It can be seen that the static pressure in 
the inlet region of the fan with optimal inlet guide vanes 


201801.00593v1 


chinaXiv 


is lower than that of the prototype fan. However, the 
static pressure in the outlet region of both fans mainly 
ranges from -5 Pa to 0. Thus compared with the proto- 
type fan, the fan with optimal inlet guide vanes shows the 
better performance in static pressure. The area of low 
pressure on the suction side of the fan with optimal inlet 
guide vanes is larger than that of the prototype fan and 
the minimal pressure zone appears near the tip and the 
hub at the same time. On the pressure side, the area of 
high pressure of the fan with optimal inlet guide vanes 
occupies 1/3 of the whole blade length, while only 1/5 of 
the whole blade length for the prototype fan. Therefore, 
the fan with optimal inlet guide vanes has the better act- 
ing ability than the prototype fan. 

Fig. 15 shows the distribution of the axial velocity on 
the rotational axis. Compared with the prototype fan, the 
axial velocity of the fan with optimal inlet guide vanes is 
larger when z<0 and the maximal axial velocity of the 
fan with optimal inlet guide vanes is approximately two 
times larger. The flow is accelerated before it enters the 
impeller due to the effect of the inlet guide vanes, thus 
the ventilation of the fan increases. The negative axial 
velocity appears in the downstream of the impeller near 
the hub, which indicates that the direction of the flow in 
this region is contrary to that of the main flow and forms 
the inverse flow. The absolute value of the maximal axial 
velocity of the fan with optimal inlet guide vanes is lower 
than that of the prototype fan in this region. It is con- 
cluded that the inverse flow at the downstream of the 
prototype fan is more intense. 
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Fig.14 Contours of static pressure on the meridian plane (X=0). 
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Fig. 15 Distribution of axial velocity on the rotational axis. 


Fig. 16 shows the total pressure fluctuation at the 
monitoring point M1. According to the above section, 
both fans reach a relatively stable state when t>ST. So the 
total pressure fluctuation during the time ranges from 5T 
to 8T is selected here. The total pressure fluctuation of 
both fans does not show the obvious periodic variation 
even appears about four peaks in each rotational period. 
This is the reason why the frequency of the peak of PSD 
is 200 Hz at the monitoring point M1. Although the ex- 
treme differences of the total pressure fluctuation of both 
fans are the same, the fluctuation of the fan with optimal 
inlet guide vanes is more like an equal amplitude oscilla- 
tion than that of the prototype fan. 
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Fig. 16 Total pressure fluctuation at the monitoring point M1. 
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Fig. 17 Radial cross section R=42.4 mm (near the blade tip). 
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(a) Prototype fan, 
t=7T 


(c) Prototype fan, 
t=7T+3T/5 


(e) Prototype fan, 
t=8T 
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(b) Fan with optimal inlet guide 
vanes, t=7T 


(d) Fan with optimal inlet guide 
vanes, t= 7T+3T/5 
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Fig. 18 Contours of vorticity on the radial cross section R=42.4mm at different time. 


The radial cross section R=42.4 mm is selected to 
study the variation of the vorticity as shown in Fig. 17. 
Fig. 18 shows the vorticity contours on the radial cross 
section R=42.4 mm at different time, where the vorticity 
contours at the moment of 7T, 7T+3T/5 and 8T are re- 
garded as the representatives. The blade in the red frame 
is regarded as the object of observation. It can be seen by 
comparing Fig. 18(a) and (b), (c) and (d), (e) and (f) that 
a large number of vortices gather on the suction side of 
both fans at different time, showing the escape tendency 
from the surface. The distribution and the magnitude of 
vorticity of both fans are basically similar to each other. 


The maximal vorticity is close to the surface of blade 
whose value is more than 30000 s”. By comparing Fig. 
18(a), (c), (e) and (b), (d), (f), the similar variations of 
vorticity of both fans are shown in their rotational 
processes. The vortex first gathers in the leading edge of 
the blade, then moves along the suction side of the blade 
and finally escapes from the surface. 


Experimental results 


Static characteristic experiment 
In order to verify the reliability of simulation for static 
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characteristics, static pressure of the fan with optimal 
inlet guide vanes and the prototype fan was tested in the 
wind tunnel as shown in Fig. 19. The optimal inlet guide 
vanes and their installation are shown in Fig. 20. 


Fig. 20 Optimal inlet guide vanes and their installation. 


Fig. 21 shows the comparison of P-Q curve of the 
prototype fan between simulation and experiment. The 
results of simulation and experiment are in good agree- 
ment with each other, especially at the stable operation 
condition ranging from 0.005 kg/s to 0.011 kg/s, which 
confirms the reliability of the simulation. 
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Fig. 21 Comparison of P-Q curve of prototype fan between 
simulation and experiment. 
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Fig. 22 shows the experimental results of the P-Q 
curve. The same variation trends of both fans are ob- 
served from the figure. The static pressure decreases 
sharply at first, then increases slowly and finally de- 
creases with the increasing of the flow rate. The static 
pressure of the fan with optimal inlet guide vanes is larg- 
er than that of the prototype fan at the stable conditions 
ranging from 0.005 kg/s to 0.011 kg/s. Combined with 
simulation and wind tunnel experiment, it can be con- 
cluded that the optimal inlet guide vanes can improve the 
static characteristics of the prototype fan. 
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Fig. 22 Experimental results of the P-Q curve. 


Noise experiment 


In order to verify the reliability of the simulation re- 
sults for aerodynamic noise, noise experiment of the fan 
with optimal inlet guide vanes and the prototype fan was 
carried out in a semi-anechoic room whose structure size 
is 5 mx4 mx3.5 m. The background noise is 21.5 dB. The 
experimental device for noise measurement is shown in 
Fig. 23. 
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Fig.23 The experimental device for noise measurement. 


Fig. 24 shows the measured overall SPL along the 
axial direction in the downstream of fans. It can be seen 
that the largest difference of the overall SPL between the 
fan with optimal inlet guide vanes and the prototype fan 
is located at the near field measuring point, where is 1 
mm away from the outlet of the fan in the axial direction. 
The value of largest difference is approximately 2 dB. 
With the increasing of the axial distance between the 
measuring point and the fan, the overall SPL of both fans 
decreases quickly at first, then the variation tends to be 
stable. The values of the overall SPL of both fans are 
almost the same at the far field measuring point where is 
1 m away from the outlet of fan in the axial direction. 
The difference between experimental data and simulation 
results exists, while the experimental data of the fan with 
optimal inlet guide vanes and the prototype fan have 
comparability. Through the noise experiment, it is further 
proved that the optimal inlet guide vanes can reduce the 
noise at the near field of small axial flow fan, but the 
effect on the noise at the far field is very little. 
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Fig. 24 Measured overall SPL along the axial direction in the 


downstream of fans. 
Conclusions 


In this paper, effects of the inlet guide vanes on the per- 
formance of a small axial flow fan are studied on three as- 
pects including static characteristics, aerodynamic noise 
and internal flow characteristics. The inlet guide vanes with 
different outlet angle are designed, which are mounted on 
the casing and located in the upstream of the impeller of the 
prototype fan. The conclusions are summarized as follows: 

(1) The static pressure and the efficiency of the fan 
with inlet guide vanes both first increase then decrease 
with the increasing of the outlet angle of inlet guide 
vanes at the rated condition. Compared with the proto- 
type fan, the overall SPL of four fans with inlet guide 
vanes is lower at the near field, but the inlet guide vanes 
have little effect on the overall SPL at the far field. The 


inlet guide vanes with outlet angle of 60° have the op- 
timal noise performance under the condition that the 
static characteristics are improved. 

(2) The static pressure and the efficiency of the fan are 
improved significantly after installing the optimal inlet 
guide vanes at all conditions. 

(3) The fluctuation of total pressure of the fan with 
optimal inlet guide vanes is more like an equal amplitude 
oscillation than that of the prototype fan at the near field. 
Therefore, compared with the prototype fan, the overall 
SPL of the fan with optimal inlet guide vanes at the near 
field is lower. 

(4) The distribution and the magnitude of the vorticity 
near the blade tip of the fan with optimal inlet guide 
vanes and the prototype fan are basically similar to each 
other at different time. Besides, similar variations of the 
vorticity near the blade tip of both fans are observed in 
their rotational processes. Thus, the gap of the overall 
SPL between the fan with optimal inlet guide vanes and 
the prototype fan at the far field is very small. 
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